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On adding more than two moles of nitrilotriacetic acid (NTA) to a 
solution of Ti(III) at pH 4 to 10 containing 10—20 M tartaric acid, a 
solution is obtained that exhibits a rather sharp ESR absorption signal 
(g0 = 1.963 ± 0.001, the linewidth A# p _ p = (0.30 ± 0.05) mT). A constant 
maximum signal level is observed under basic conditions: pH 4 to 10. 
Measurement of the integrated intensity of the maximum signal indicated 
that (90 ± 10) % of Ti(III) is in the complex. The variation and mole ratio 
methods based on the measurement of the ESR signal and optical absorp
tion maximum (at v = 14000 cm"1), respectively, for determining the com
position of this complex ion indicate that the concentration ratio Ti(III) to 
NTA is 1:2. The experimental g-tensor components (gx = 1.946 ± 0.001, 
gY = 1.959 ± 0.001, and g: = 1.997 ± 0.001) derived from the frozen solu
tion ESR spectrum of this Ti(NTA)2 paramagnetic species are consistent 
with an axially elongated octahedral structure with an equatorial rhombic 
distortion through bidentate NTA ligands. Significant in-plane a and 7Г 
bonding is indicated in this octahedron of the D2/; symmetry. It is proposed 
that there is at least one axial hydroxide ligand. 

The use of sodium nitrilotriacetate (Na 3NTA) as a detergent builder in some 
countries [1, 2] and the subsequent detection of the ligand in the environment 
[3] have stimulated interest in its chemistry. As a rather strong chelating agent 
NTA forms complexes with heavy metals present in water modifying their 
toxicity toward aquatic life [4, 5] and their mobility in the environment [6—9]. 

Using ESR and optical spectroscopy Fujiwara et ai [10—12] carried out a 
survey of the complexation of Ti(III) ions with nitrogen containing organic 
chelating agents in aqueous solutions. Among these reagents (EDTA, amino 
acids and related compounds) they found out that NTA forms the most stable 
complex. 

Their descriptive ESR study can be summarized as follows: 
a) A 0.1 M-Ti(III) solution containing 0.1 M-NTA shows no ESR signal in 

strongly acid solution (pH < 1.5); 
b) A signal appears at pH 1.7 increasing to a maximum at pH 4 and 

remaining constant to pH 10. No ESR signal intensity measurements were 
given. 
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Fujiwara and coworkers [10, 11] also reported on optical studies, though 
failing to relate trends in the spectra explicitly to the ESR data either in pH 
variation or intensity. A complex at pH 1 (not ESR active) yielded a blue 
solution with maximum absorbance at v = 15 500 cm"1 At pH 4.7 a greenish-
-yellow solution is observed that exhibited maximum absorbance at 
v= 14000 cm"' 

They established that the blue complex, predominant at pH 1.5, has stoichio
metry 1 1, and that the greenish-yellow complex, predominant at pH 4—10, has 
stoichiometry 1 :2. Later Watanable and Fujiwara [12] studied ESR spectra of 
15 kinds of Ti(III) chelates in aqueous solutions at room temperature including 
NTA. The nature of chemical bonding in these Ti(III) chelates was discussed 
with the interpretation of the g-factors, hyperfine coupling constants and the 
maximum absorption wavelength in the visible absorption spectra on the basis 
of a simple crystal field (CF) theory. Assuming that the local point symmetry of 
Ti(III) complex ions in the chelate complexes in aqueous solution was a tet-
ragonally compressed octahedron (D4/, symmetry), they found that covalency 
played a significant role in these complexes. The ESR relaxation mechanism was 
also studied and it was suggested that the Orbách process, equivalent to the 
vibrational spin-orbit mechanism through spin-orbit coupling, was the predo
minant one. 

In examining the reports of these workers one is struck by the lack of 
correlation between optical and ESR measurements and the failure to determine 
the structure of the complex involved or even the local point symmetry. Indeed, 
our preliminary qualitative examinations of the Ti(III)—NTA system showed 
several novel observations. Bearing in mind the relative practical importance of 
Ti—NTA system it seemed timely to reinvestigate this system. 

Experimental 

All spectra were recorded on a Varian E-65 X-band ESR spectrometer operating at 
100 kHz modulation. Frozen solution samples were contained in cylindrical quartz cells 
(5 mm o.d.). Solution spectra at room temperature were recorded in standard Varian 
E-248 flat cells. 

The variable temperature measurements employed an apparatus based on the Varian 
V-4520 approach constructed from dewar components supplied by Scanco Quartz 
(California). A controller similar to the Varian V-6040 was modified to use an Rdf. Corp. 
platinum-platinum resistance sensor (EP-110, 100 Q). The calibration was achieved using 
a Hewlett-Packard 2802 A thermometer. Samples maintained at (210 ± 3) К (CHC13 

— C 0 2 slush bath) or at (197.5 ± 3) К (powdered dry ice) were continuously monitored 
by the digital thermometer probe with the sample adjacent in the coolant. 
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The g-factors are quoted relative to 2,2-di(4-/er/-octylphenyl)-l-picrylhydrazyl 
(DPPH, Aldrich) using a solid sample (linewidth АЯР_Р = (0.10 ± 0.01) mT, 
g = 2.0036 ± 0.0002) that was permanently maintained in a dual cavity assembly (Varian 
E-232). The field shift between the two cavities had been carefully measured. DPPH 
powder, to be used as a primary standard in determining g-factors, was prepared by 
drying at ca. 340 К for 4—5 h. A weighed and powdered amount of DPPH reagent was 
used as received. Hyperfine splitting constants were determined relative to a solution of 
potassium nitrosodisulfonate (Fremy's salt) for which g = 2.0055 + 0.0001 and the 
nitrogen splitting constant au = (1.309 ± 0.001) mT [13]. 

Spin concentration of Ti(III) ions in the samples was determined by the sample 
interchange method [14]. The solution of a metal salt that was used as a primary standard 
in determining spin concentrations was prepared as follows. A weighed amount of the 
salt (Fisher reagent grade, used as received) was dissolved in bidistilled water that had 
been purged with nitrogen to remove dissolved carbon dioxide and oxygen. Solutions of 
copper(II) nitrate, chromium(III) nitrate, manganese(II) sulfate, and vanadium(IV) 
oxide sulfate were used in preparing standard samples of [Cu(H20)6]

2 +, [Cr(NH3)6]
3+, 

[Mn(H20)6]
3 + , and [VO(H20)5]

2 + All concentration results were confirmed both by two 
or more experiments on different days and the use of more than one reference compound 
in each case. Further details of the measuring procedure and associated controls for 
precision and accuracy are given in paper [15]. 

Frozen solutions measured only at 77 К were obtained by rapidly quenching the 
sample in liquid nitrogen, maintaining the sample in the Varian E-246 insert dewar. 
Details of temperature variation experiments are included with the results. 

Ultraviolet (UV) and visible (VIS) absorption spectra were recorded at room tem
perature on а Сагу Model 17 instrument using 1 cm or 1 mm quartz cells. 

Preparation o/Ti(III) solutions and complexes 

Ti(III) solutions were prepared by dissolving the metallic sponge (Fisher) with gentle 
heating in approximately 1—2 M hydrochloric or sulfuric acid. An N2 atmosphere was 
employed to minimize oxidation of Ti(III) ion. Alternatively, Fisher reagent Ti(III) 
chloride solution (20%) or commercial BDH reagent Ti(III) sulfate solution (15%) were 
used directly without qualitative change in any of the results reported in this paper. The 
final concentration of Ti(III) ions was determined volumetrically by titration with a eerie 
sulfate so'uťon using o-phenanthroline as indicator. Typical values obtained for either 
stock solutions or solutions prepared by dissolving the metal lay in the range 95—97%. 
The chelating reagents used in this work, NTA and tartaric acid (ТА), were both reagent 
grade Eastman chemicals used as received. 

All pH measurements were made to within ± 0.1 units using an Acumet pH-meter 
equipped with a combination electrode. Final pH adjustment was made by addition of 
either the appropriate diluted acid or sodium hydroxide. 
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Results and discussion 

ESR observations 

On adding slightly more than two equivalent amounts of NTA to 0.02 M-
-Ti(III) ions from either the chloride or the sulfate in a yellow solution contain
ing 10—20 M-TA at pH 4 to 10, a greenish-yellow solution was obtained that 
exhibited a rather sharp ESR absorption signal (Fig. 1). Spectral parameters for 
this complex are given in this figure. At higher gain, the satellites lines from 47Ti 
and 49Ti interactions were evident. 

gQ= 1.963 

> 4 

= 1.965 

Fig. 1. ESR spectra of the Ti(III)—NTA sys
tem: 0.01 M-TiCl,, the ratio [Ti3 +]: [NTA] = 

= 1:20, pH 7.5 and 2.1. 
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Fig. 2. a) The pH dependence of proposed 
Ti(NTA)2 complex ion. Upper curve: ab-
sorbance at v= 14000 cm"', lower cur
ve: ESR signal intensity. 0.02 M-TiCl„ 

[Ti-1+] [ N T A ] = 1:20. 
b) The pH dependence of the second ESR 
signal. 0.02 M-TiCl3, [Ti3 + ]:[NTA] = 

= 1:20. 

The pH dependence of the intensity of the ESR signal is shown in Fig. 2a for 
a solution derived from 0.02 M-TiCl3 and with the ratio [Ti3 +]: [NTA] = 1 :20. 
A constant maximum signal level is observed under basic conditions (pH 4 to 
10). Outside this range the signal steadily decreases until it is no longer observ-
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able at ca. pH 13 and 1.9. Measurement of the integrated intensity of the 
maximum signal indicated that (90 ± 10)% of the Ti(III) was in the complex. 

Fig. 3 shows the variation method for determining the composition of this 
paramagnetic species based on the ESR signal. Fig. 4 shows the mole ratio 
method for establishing the concentration ratio of Ti3 + to NTA in the same 
species. The ratio is clearly shown to be 1 to 2 by both procedures. These studies 
of the ESR signal intensity (Figs. 3 and 4) combined with approximate absolute 
concentration measurement demonstrated that [Ti3+]:[NTA] = 1 : 2 paramag
netic species was one of the most stable complexes in solution in the pH range 
4 to 10. 

200 

с 
O P 

[NTA]:[T i J ] 

Fig. 3. Establishment of the ratio [Ti(III)] to [NTAJ at pH 9.1, 0.01 M-TiCl3, by the continuous 
variation method, ESR signal. 
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Fig. 4. Establishment of the ratio [Ti(III)] to [NTA] at pH 9.1, 0.01 M-TiCl3, by the mole ratio 
method, the absorption maximum at v= 16 700 cm _ l . 
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Note that such preparations are carried out in the presence of excess ТА. 
Experimentally hydrolysis of the Ti(III) ions is prevented by ТА (presumably a 
kinetic competition phenomenon); though the eventual complex formed does 
not contain TA ion. Preparations omitting this reagent though partially hy-
drolyzed show the same optical and ESR spectrum. Moreover varying the 
concentration of ТА had no measurable effect on the ESR signal intensity at 

DPPH n 
Ь 9* 

i I 

Fig. 5. ESR spectra of the system: 0.01 M-TiCl3, [Ti3 + ] : [NTA] = 1 :80, frozen solution. 
a) pH 7.5; b) pH 3.0. gx = 1.946 ± 0.001, gy =1.959 ± 0.001, and g: = 1.997 ± 0.001. 
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room temperature or on the frozen solution spectrum (see below). Such control 
experiments were not reported by Fujiwara et al. [10—12]. 

In the pH range 1.0—3.5 the aqueous solution of the complex derived from 
chloride and sulfate of Ti(III) exhibited a rather sharp new ESR signal 
(Fig. 1) with the experimental room temperature value g{) = 1.965. At higher 
gain the satellite lines from 4749Ti interaction were also observed with 
|tfTi| = (1.50 + 0.02) mT. Measurements of the integrated intensity of the max
imum signal indicated that % 5% of the Ti(III) was in this complex. Notice that 
at the higher pH values both signals are clearly evident. 

The pH dependence of the second ESR absorption signal is shown in Fig. 2/?, 
for 0.02 M solution. From a maximum level at pH ^ 3.5 the signal intensity 
diminished until it was no longer observable at pH 1.0. 

The spectrum of a frozen aqueous solution of [Ti3 + ] : [NTA] = 1 80 at pH 
7.5 is shown in Fig. 5a. The values of gv, g,., and g. principal components of the 
g-tensor are assigned on the basis of theoretical consideration carried out by 
Kneubühl [16] for a randomly oriented sample with the paramagnetic unit 
having a nonaxial g-tensor. The calculated isotropic g0-factor is found to be in 
reasonable agreement with the experimental room temperature value 
g0 = 1.963 + 0.001. The presence of another paramagnetic species in low con
tent in frozen solution spectra is evident (see Fig. 5a and compare with Fig. 5b). 

Optical observations 

In the pH range 4—10 the greenish-yellow aqueous solution of the complex 
derived from TiCl3 or Ti2(S04)3 exhibited the same optical spectrum in the 
presence of excess NTA, with a relatively broad absorption maximum at 
v= 14000cm"1 ({Б} % 6) and a relatively sharp band at v>% 50000 cm"1 

({£} > 1000). The pH dependence of the absorbance at v= 14000cm"1 in the 
pH range 1.9 to 10.0 is given in Fig. 2a. The decay of this absorbance does not 
follow the decay of the ESR signal indicating that a species showing no ESR 
signal is formed from the ESR active "Ti(NTA)2" complex ion at 2 < pH < 4. 
However, these species must show approximately the same optical spectra. 
Below pH 1.9 interference from a relatively high concentration of the blue 
complex "T^NTA)," made the pH dependence of the absorbance at 
v= 14000cm"1 unreliable. 

In Fig. 6 the variation method is applied to the optical spectrum establishing 
the [Ti3+]:[NTA] ratio of the complex present at pH 3. The ratio is clearly 
shown to be 1 to 2 by this procedure. Finally, Fig. 7 shows the mole ratio 
method utilizing the maximum absorption at v= 16 700 cm"1 (blue solution) 
applied at pH 1.5. The ratio is clearly shown to be 1 1 by this procedure. The 
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increase (between pH 2.1 to 1.5) and the decay (between pH 1.5 to 1.0) of the 
absorbance at v = 16 700 cm"1 was smoothly followed by the increase and the 
decay of absorbance at v = 41 000 cm"1 ({e} » 800). Such an observation im
mediately suggests that a charge-transfer absorption band at v= 41 000 cm - 1 

results from a charge-transfer electronic transition in the "Ti(NTA)2" complex 
ion, probably involving the carboxylate ligand. 
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Fig. 7. Establishment of the ratio [Ti(III)] to [NTA] at pH 1.5, 0.01 M-TiCl3, by the mole ratio 
method, ESR signal. 

In general, the optical data reported here for the "T^NTA)," and 
"TXNTAy complex ions are in good agreement with the conclusions of 
Fujiwar a and Code 11 [10]. 

Structure assignment 

Although the composition of the Ti(III)—NTA complex providing at 
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pH 4—10 ESR signal now seems firmly established as [Ti3 +]: [NTA] = 1:2, the 
questions of the local point symmetry and discrete complex structure are rather 
involved. If we adopt the approach that each NTA molecule is.uniformly 
tridentate then D3d symmetry can be predicted providing that the ligand field is 
determined only by the six oxygen atoms of the NTA ligand. On the other hand, 
the prediction of a discrete axis involving coordination by two other groups 
(Fig. 8) leads to an approximately octahedral arrangement with a small equato
rial rhombic distortion D2// symmetry providing that the ligand field is deter
mined primarily by the six oxygen ligand donor atoms. 
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Fig. 8. Model of Ti(III) coordination in řroA25-[Ti(NTA)2X2]. 

With gL % l/2(gY + gv) = 1.953 and gl{ % g. = 1.997 we can propose that the 
ESR active "T^NTA)/' complex ion has symmetry D3rf neglecting a small 
equatorial rhombic distortion. This assumption can be made since the actual 
difference between gx and gy is relatively small (gy — gx = 0.013). It should be 
noted that this structural model has already been proposed by Fujiwara and 
Codell[\0]. 

In the D v symmetry the five orbitals are split into three energy states, one 
belonging to the Ax% representation and the other two to the E% representation 
[17—19]. If we are dealing with D3d symmetry then our experimental g-values 
are only consistent with Ax% as the ground state (Fig. 9) (if EgA were ground state 
both g,, and gL are predicted to be close to zero) [19]. 

By analogy with the [Ti(H20)6]
3+ complex ion [17—19] considering Alg as the 

ground state we have 
gy = 2.0023 

g l = 2.0023 - 2K 
AE(AltL-+E.A) 

ф А _ 
4Аь 

AE(A]R-+EgB) 
ф в 
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with the energy differences AE(A]g -> EgA, B) where AM (154 cm" !) is the Ti 
spin-orbit coupling constant and ФА B is a complex function employed to 
estimate covalency. The magnitude of ФА B is mainly determined by the appro
priate molecular orbital coefficients. However, the value of ФА B lies between 0 
and 1 tending to unity as the a and к bonding becomes more ionic, and 
conversely [19]. Assuming that we are dealing with a nearly purely ionic case, 
i.e. ф А B-> 1 we can easily calculate from the g± expression, gL ^ l/2(gv + 
+ g r ) = 1.953, that AE(AXg^> EgA) % 62 000 cm"1 Since we would expect 
the energy Aiľof the A]g-> EgA electronic transition to be ca. 3000 to 6000 cm - 1 

[19] we must anticipate unrealistically high covalency (e.g. ФА B 0.05 to 0.1) to 
accommodate this possibility. 

e 2 g B9B 

s 3 g 

£9* 

A1Q 

Fig. 9. Splitting of the 2D term in ligand field of the D2/; 
D2h (elongation) D3d (elongation) and D3i/ symmetries. 

On the basis of the above consideration we tentatively reject D3d as the local 
point symmetry. The 3d1 in an octahedral ligand field with a small rhombic 
distortion (D2h symmetry) has five energy states, B]g, B2g, B3g and two Ag states 
(Fig. 9). Now the ESR spectrum cannot exhibit true axial symmetry. The 
difference between gx and gv arises from the difference in energy between the B2g 

and B3g states [18]. 
There are two possible cases of D2/l symmetry: a) compression, or b) elonga

tion along the principal symmetry axis of the complex unit considered. 
In the first case the corresponding expression for the ^.-component of the 

g-tensor is [18] 

g. = 2.0023 ^ Ф. 

АДХ-Ч) ' 
On the basis of this expression and assuming a purely ionic case (Ф. -• 1) one 
calculates that AE(B]g -• Ag) = 246 400 cm"1 Since only the absorption band at 
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v = 14000 cm"1 may correspond to the i?lg -• A% electronic transition we must 
anticipate again an unrealistically high covalency, e.g. Ф. = 0.06 to accom
modate this possibility. 

In the D2/; elongation symmetry both the metal orbitals dx2_v2 and dzi belong 
to the Ag representation. Therefore the two ag orbitals can be expressed as 
appropriate combinations of these. 

Assuming that the ligands participate in bonding with s, px, pv, p. orbitals, the 
relevant antibonding MO's in terms of, a and к bonds are 

a*g = axdz2 - mxdxi_,i - -= a\(ax - av

3) - -= a'&of - of) -

a% = aidx2_,i + m2d:2 j= a'2(<jx - ax) j= а'2\а; - of) 
\/2 V2 

К = /И, - ^ ß'M - PI) - -^ РЫ - л4) 

ь% = M*-. - -^ № - pi) - -j= ßtä - Pt) 

ь% = Mr. - ^ Ä(P,2 -P^-jm № - tä 
The ligand donor atoms are placed in the same manner as in Fig. 10. In the 
above states ď are hybrid orbitals. The spin-Hamiltonian for Ti(III) in an 
octahedral ligand field with an equatorial rhombic distortion is 

Я = ß&Hj; + &(gxHxŠx + gvHvŠv) + AŠI + BjJx + ByŠJy 

where 

£. = 2.0023 ^ m. 
AE(Ag^Bíg) -

gx * 2.0023 ^ Фх ^ mx 

AE(Ag^Big) AE(Ag^Big) 

gr * 2.0023 ^ Л. ^M mr 

AE(Ag-+B2g) ' AE(Ag^B2g) ' 

«.2 ( j - Ко) - m\ (± + Ко) - X- & - 2.00)] A v P 
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Bx * P [ - а,2 (± + К0^ + т\ ( | - К^ + -^ (g, - 2.00)] 

Ву *p[-ai(l + K^ + т] (J - К0^ + ^ (g, - 2.00)] 

with P, Aľ0 as the hyperfine interaction parameters and 

mz % m}ß\ Фх % а2/?3

2 

mx « ra2/?3

2 Фг % а,2/í? 

m,. т~/?£ 

F/g. 10. Coordinate axes and numbering for the 
tetragonal dx system. 

In the above expressions AE(Ag -> 2?lg), A£(^g -> Z?2g), and AE(Ag -• i?3g) are 
the corresponding electronic transitions from the ground state to the appro
priate excited states. 

Neglecting terms arising from the contribution of dxi _ Yi in the ground state 
d=2 orbital, i.e. m}ß\ and m,2/J2, in the expressions gx and gy, respectively, one can 
easily calculate that for a purely ionic case 

AE(Ag^B2g)< 19000 cm"1 

AE(Ag - B3g) < 19000 cm"1 

Taking into account that only the absorption band at v = 14000 cm"1 may 
correspond to the Ag -• B2g or Ag -• B3g electronic transition one can easily 
calculate that Фх « Фу % 0.74 which is quite realistic and a strong indication of 
the significant amount of out-of-plane n and in-plane a bonding. 

Furthermore, it is probable that both cr and n bondings are similar in 
magnitude; one can easily calculate using Фх % Фу « 0.74 that 

444 Chem. Papers 45 (4)433^48 (1991) 



ESR AND OPTICAL SPECTRAL STUDIES OF A TITANIUM(III) COMPLEX 

\AE{Ag -> B2g) - AE(Ag -> BH)\ % 600 cm"1 

which is in approximate good agreement with experiment (the absorption band 
at v = 14000 cm"1 has a definite extension towards high wavelength) [10—12]. 

On the basis of the simple CF theory one would predict 

AE(Ag^B2g)> AE(Ag^B]g) 
or 

AE(Ag->B3g)>AE(Ag^B]g) 

depending on the principal directions of the equatorial rhombic distortion. 
Using the g. expression and a value for g. and assuming that 

AE(Ag -• B]g) ss 10000 to 13 000 cm -1 one can calculate that mz « 0.05. 
Assuming a moderate degree of covalency for the in-plane n bonding with 

ß] % 0.75 to 0.85 one obtains m\ » 0.05 to 0.06 or m] % 0.22 to 0.25. 
Although rather approximate this estimate suggests a significant contribu

tion of the dx2 _ ,.2 orbital to the d.i ground state for a relatively modest equato
rial rhombic distortion. 

Structure of the [Ti3+]: [NTA] = 1 : 2 complex 

Even if one accepts that the experimental g-values are most consistent with 
an axially elongated field of D2/; symmetry in the complex, assignment of an 
exact structure to the Ti(NTA)2 species remains a difficult task. However, with 
the available data, one can limit the possible structures and suggest a model for 
the chemistry involved. 

First, recall that the nature of the anion (CI", SO4") or the presence of 
massive amounts of ТА ions 

п OH OH 

Zc—CH—CH—c; 
-</ \ > 

does not affect the pH 4 to 10 ESR or optical spectra. It seems reasonable to 
assume that only NTA or H 20(OH)" are possible as ligands. Next, if we accept 
that the complex does not have the D3i/ symmetry characteristic of uniformly 
tridentate NTA ligands, we can propose H 2 0 or OH" as the axial ligand, i.e. the 
complex providing the signal at high pH is /raHs-[Ti(NTA)2(OH)2]

3" or trans-
-[Ti(NTA)2(OH)(H20)]2" (Fig. 8). These possibilities are consistent with a 
relatively small equatorial rhombic distortion (gy — gx = 0.013) but a sufficiently 
strong equatorial perturbation to provide the well-separated orbital singlet and 
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requisite long spin-lattice relaxation time that are expected. Note A# p p for the 
signal at room temperature is only (0.30 ± 0.05) mT. 

Such a speculative assignment becomes more credible when we examine the 
critical pH region 2 to 3. Recall that Ti3 + ion hydrolysis has К = 12.71 at ca. 
300 К and that Ti(OH)2

+ is formed as the pH raised towards precipitation point 
(pH 3.5) [20—22] 

Ti3 + + OH" ±=; Ti(OH)2+ 

In the Ti(III)—NTA system, a second ESR signal appears at pH 3.0. It has 
similar linewidth to the first but is shifted to higher field (Ag0 = 0.0020 ± 0.002), 
and has much lower intensity. Significantly at pH 2.0 where it is the only species 
observed the frozen solution spectrum is qualitatively the same as at higher pH. 
We propose that a protonation of the principal complex has occurred, i.e. 

[Ti(NTA)2(OH)2]
3" + H + — [Ti(NTA)2(OH)(H20)]2-

[Ti(NTA)2(OH)(H20)]2" + H + - [Ti(NTA)2(H20)2]" 

Protonation of the complexes bearing high net negative charge may occur at 
higher pH than the simple Ti(OH)2+ or Ti(OH)2

+ species. 
The pK.d values for NTA ionization are 1.8, 2.5 and finally 10.6 for the 

zwitterion [10]. 

HNCH.C^f ( C H . C ^ j + н 2 о - H N ( C H 2 C ^ 

\r\ \>H/2 \ \)-
+ н 3 о + 

HN ( C H 2 C ^ ) C H 2 C ^ + H 2 0 ^± HN í CH 2 C^ ) + H30+ 

H N [ C H 2 C ^ ) + H 2 0 ^± NÍ CH 2 C^ ) + H 3 0 + 

Further protonation of the coordinated NTA is clearly likely to occur, e.g. 

[Ti(NTA)2(H20)2]" + H+ ;=± [Ti(NTA)(NTAH)(H20)] 

In this model such species will have reduced equatorial perturbation with the 
ground state degeneracy only slightly lifted so that the short spin-lattice relaxa
tion renders their ESR signal undetectable. 
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It is obvious that as the pH drops further protonation equilibrium involving 
the NTA ligands becomes established leading to a region (pH 1.0 to 2.0) where 
only Ti(NTAH) exists as a dominant complex. The analysis of these equilibria 
lies beyond the ESR method. Careful titrimetric and stopped-flow kinetic 
analysis of the protonation sequence may provide a test of the model. No 
explanation has yet been found for the unchanging intensity of the band at 
v= 14000 cm"1 in the pH 2.0 to 3.0 region. 

In conclusion, it is apparent that each ligand surveyed by Fujiwara and 
coworkers [10—12] requires a detailed study before trends in covalency in the 
series should be attempted from the ESR data. The complexity of the Ti(III) 
—NTA system led to the decision taken in this project to examine simple 
aqueous Ti(III) salts as a basis for future studies. 

The complexity of these systems was particularly evident in the frozen 
solution spectra at pH 9.8. Even though continuous variation methods indicated 
nearly complete conversion to a Ti(NTA)2 complex, additional resonances were 
observed. It was established that these additional resonances were not affected 
by altering the NTA concentration removing ТА, changing to Ti2(S04)3, or 
adding Ti(IV) ions. Temperature cycling of the frozen solution in the interval 
77 К to 230 К did not affect the spurious lines. However, they were power-
-saturated to a greater degree than the assigned peaks and tended to diminish 
at lower pH. 
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